study on junior rugby union players under 9 years of age, 30 721 impacts to the head were recorded with median linear and rotational accelerations of 15g and 2296 rad/sec 2 . In a study of 7-and 8-year-old children playing youth (6-9 years old) American football, 11 an average of 107 impacts per player per season were recorded, with average linear and rotational accelerations of 18g and 901 rad/sec 2 . In a group of slightly older players (Pop Warner "Junior Midgets" football players 12-13 years of age), there were 480 impacts recorded during matches, with an average linear acceleration of 47g ± 14g. 48 This average linear acceleration value was higher than the match median value of 21g ± 3g reported for a group of middle school football players with a similar age range (12-14 years). 12 The long-term implications of these high-magnitude impacts to young players in an exposure paradigm are unknown. 48 Accelerometers have also been used in nonhelmeted sports for measuring impacts from sports participation. In a study of female youth soccer players, heading the ball yielded peak accelerations of 63g (linear) and 8869 rad/ sec 2 (rotational). 22 Injury risk was assessed and no concussions were recorded, but some of the rotational accelerations were within the nominal values for an injury to the head when compared with US National Football League (NFL) data 41 and injury risk tolerance levels. 51 Although head impact data are accumulating for soccer and the NFL, there are no published data for nonhelmeted collision sports such as rugby league.
In a previous study, 30 we investigated the frequency, magnitude, and distribution of head impacts sustained by junior under-9-year-old rugby union players in New Zealand during 4 matches. An identical approach was undertaken in the current study, but this time we investigated head impacts in junior under-11-year-old rugby league players and analyzed data from a full season of competition matches.
Methods
A prospective observational study was conducted in a junior club level rugby league team during the 2014 competition season in New Zealand. Nineteen players (14 boys and 5 girls) were enrolled in the study. The participants' mean (± SD) age, body mass, and height were 10 ± 1 years, 55 ± 17 kg, and 1.5 ± 0.1 m, respectively. Consent was obtained from the players' parents or guardians prior to enrollment. The Auckland University of Technology ethics committee approved all procedures in the study. The methods used in this study were identical to those used in our previous study of head impact acceleration in junior rugby union team players. 30 All players enrolled in the study wore the XPatch impact-sensing skin patch (X2Biosystems Inc.) on the skin covering their right-side mastoid process for each match. The XPatch sensor, sampling at 1024 Hz, was placed behind the player's right ear just before participation in match activities and was removed immediately after completion of the match. The positioning of the XPatch over the mastoid process ensured that the sensor was not activated by enhanced soft-tissue effects when impacts occurred. 49 The XPatch contains a low-power, high-g triaxial accelerometer with a 200g maximum per axis and a triaxial angular rate gyroscope. This enables capture of 6 degrees of freedom for linear and rotational time history accelerations of the head's center of gravity for all impacts that occur during match participation. The time history incorporated 3 axes (x = medial-lateral, y = anterior-posterior, z = vertical) of acceleration/deceleration and 3 axes of velocity.
The XPatch was shown in one study 38 to have good agreement with peak linear acceleration (PLA) but was found to underestimate peak rotational acceleration (PRA) by more than 25%. In another study, 49 it was reported that the XPatch has a strong correlation for peak linear accelerations (PLA, r 2 = 0.93), with a normalized root square error of 18%, but may overpredict PLA and peak rotational accelerations (PRA) by 15g ± 7g and 2500 ± 1200 rad/ sec 2 , respectively. It has been reported 33 that the XPatch has statistically significant correlations with the Head Impact Telemetry System (HITS, Riddell) for resultant linear (r = 0.44, p < 0.001) and rotational (r = 0.15, p < 0.001) accelerations and for the Head Impact Telemetry severity profile (HIT SP ) (r = 0.34, p < 0.0001). A total of 100 msec of data (10 msec pretrigger and 90 msec posttrigger) from each accelerometer and gyroscope were recorded to the on-board memory for later downloading if an accelerometer exceeded the predetermined 10g linear acceleration threshold. This data acquisition threshold was based on a review of data acquisition thresholds used in previously published studies. 29 The XPatch was removed from each player and the data were downloaded to the X2Biosystems injury management software following the match. The software enabled the raw accelerometer data to be transformed to the head center of gravity by using a rigid-body transformation for linear acceleration and a 5-point stencil for rotational acceleration. 29, 49 Biomechanical measures of head impact severity consisted of impact duration (msec) and linear (g) and rotational head acceleration (rad/sec 2 ). Resultant linear acceleration is the rate of change in velocity of the estimated center of gravity of the head attributable to an impact and the associated direction of motion of the head. 37 Resultant rotational acceleration is the rate of change in rotational velocity of the head attributable to an impact and its direction in a coordinate system with the origin at the estimated center of gravity of the head. 37 False impacts were removed by the X2Biosystems proprietary "de-clacking" algorithm 29 by comparing the waveform of each impact to a "Gaussian-like" reference waveform using cross-correlation. 29 Impact data were downloaded to an Excel spreadsheet and time-filtered to include only data from impacts that occurred during match participation.
Head impact exposure data, including frequency, magnitude, and location of impacts, were quantified using previously established methods.
9,10 Data collection was delimited to matches only-not team training sessions. Three measures of impact frequency were computed: 1) player position impacts, the total and average number of head impacts recorded for the playing position for all matches; 2) player group impacts, the total and average number of recorded head impacts for the playing group (hit-up forward, adjustables, and outside backs) for all matches; and 3) impacts per match, the total and average number of impacts per match for all matches. Due to the age of the players and ethical considerations, video capture was not conducted on the matches; therefore verification of the impacts in conjunction with video evidence was not possible.
All filtered data on the Microsoft Excel spreadsheet were analyzed with SPSS version 22.0.0. The impact variables were not normally distributed (Kolmogorov-Smirnov, p < 0.001). Therefore data for these variables were expressed as median [IQR] , and as severity measures (95th percentile linear acceleration, 95th percentile rotational acceleration). 24, 25 Additionally the cumulative impact burden per match competition and per player per match were analyzed using a Kruskal-Wallis 1-way ANOVA with a Dunn post hoc test for all pairwise comparisons. Although there is no accepted method to quantify cumulative impact burden, 2 the sum of linear and rotational accelerations associated with each individual head impact over the course of the study were calculated for all of these parameters.
The impact location variables were computed as azimuth and elevation angles relative to the center of gravity of the head centered on the midsagittal plane.
8 These were categorized as front (left: q = 180° to -135°; right: q = 180° to 135°), side (left: q = -135° to -45°; right: q = 135° to 45°), back (left: q = -45° to 0°; right: q = 45° to 0°) and top (left: q = 180° through negative q to 0°; right: q = 180° through positive q to 0°). Impacts to the top of the head were defined as all impacts above an a of 65° from a horizontal plane through the center of gravity of the head.
20 Impact locations were analyzed by front, back, side, and top impacts using a Friedman repeated measures ANOVA on ranks.
Head impacts were assessed for injury tolerance level for a concussion occurring, using previously published injury tolerance levels 2,4,21 for linear (> 95g) and rotational acceleration (> 5500 rad/sec 2 ). Head impacts were assessed for impact severity, using previously published levels for linear acceleration (mild, < 66g; moderate, 66g -106g; and severe, > 106g) and rotational acceleration (mild, < 4600 rad/sec 2 ; moderate, 4600-7900 rad/sec 2 ; and severe, > 7900 rad/sec 2 ). 23, 39, 51 Two additional risk equations were included in the analysis of the impact data to identify players at risk of a concussion. The Head Impact Telemetry severity profile (HIT SP ) 20 is a weighted composite score that includes linear and rotational accelerations and impact duration, as well as impact location. The risk weighted exposure based on combined probability (RWE CP ) 46 incorporates a logistic regression equation and a regression coefficient based on previously published analytical risk functions for analyzing the combined contributions of linear and rotational accelerations to individual player and team-based exposure to head impacts. As a value of 63 is a 75% indicator for a concussive injury, 3,20 the HIT SP values were evaluated by limits of less than 25% risk (< 21), 25%-75% risk (21-63), and > 75% risk (> 63). The RWE CP values were assessed with the same percentage indicators of 25% risk (< 0.2500), 25%-75% risk (0.2500-0.7500), and > 75% risk (> 0.7500). The HIT SP and RWE CP were analyzed according to player position by total, forwards', outside backs', and adjustables' impacts using a Friedman repeated-measures ANOVA on ranks. Post hoc analysis with Wilcoxon signed-rank tests was conducted with a Bonferroni correction applied. A 1-sample chi-square test with 95% confidence intervals was used to determine whether the observed impact frequency was significantly different from the expected impact frequency. Statistical significance was set at p < 0.05. Our results were then compared with those for studies quantifying head impact exposure in American junior and high school football, collegiate football, and youth ice hockey players and New Zealand senior amateur rugby union players.
Prior to the first match the players completed a baseline King-Devick (K-D) test using 2 of the 3 test cards. The K-D test is a rapid number naming test that takes less than 2 minutes to administer. 16, 17 The test involves having the player read a random series of single-digit numbers aloud from left to right on 3 test cards. The K-D test includes 1 practice (demonstration) card and test cards varied in format on a moisture-proof 6 × 8-inch spiral-bound physical test booklet or as an application on an iPad platform. The K-D tests used were version 2.2.0 (http://www. kingdevicktest.com) on an iPad2 (Apple). The iPad2 testing platform enables the use of the K-D test with 3 different number-set test versions, and these were varied over the duration of the study to reduce possible learning effects. Time was kept for each test card, and the K-D test summary score for the entire test was based on the cumulative time taken to read all 3 test cards. The number of errors made in reading the test cards was also recorded. The best time (fastest) of the 2 trials without errors became the established baseline K-D test time. 16 During matches, players were observed by the researcher for any signs of a direct blow to the head, for being slow to rise from a tackle or collision, or for being unsteady on their feet following a collision or tackle. If any such signs were observed, the player was removed from the match activity by the team coach and rested on the sideline. In addition, the player's parents would bring their child to the tester to undertake the K-D test evaluation following any incident they considered to be an impact to their child's head. Players who reported any sign(s) of a concussion, who were suspected to have received a concussive injury, or who were removed from match participation were assessed with the K-D test on the sideline after a 10-minute rest period; were not allowed to return to play on the same day; and were referred for further medical assessment. The postmatch administration of the K-D test was performed using the same instructions as for the baseline evaluation, and the time and errors made were recorded and compared with the participant's baseline. No player identified with delayed (worsening) postmatch K-D times was allowed to return to training or match activities without a full medical clearance. The procedures used for identification, assessment, and management of players identified with a suspected concussive injury were identical to those used in a previous study. 27 No player who was identified with a delay (worsening) of the K-D test and referred to his or her health professional was immediately cleared for return to play. No player was allowed to return to full match activities until he or she was medically cleared and the K-D score had returned to the baseline value. All players were tested again at the end of the competition season to determine whether any changes had occurred from the beginning of the season.
The K-D test has been reported to have interclass correlation coefficients (ICCs) for test-retest reliability of 0.96 34 and 0.97. 16 The test has also been reported to have significant correlations (p < 0.0001) with the visual motor speed, reaction time, verbal memory, and visual memory assessments of the Immediate Postconcussion Assessment Cognitive Test (ImPACT) 45 computerized concussion evaluation system.
All K-D test data collected were entered into a Microsoft Excel spreadsheet and analyzed with IBM SPSS Statistics for Windows version 22.0.0. Data are presented as mean (± SD) for player data, concussive injury per 1000 match hours with 95% confidence interval, and median [IQR] for K-D scores. Differences in K-D scores from precompetition (baseline establishment) were calculated; baseline and postmatch K-D scores were compared using the Wilcoxon signed-rank test by the sporting code and as a combined composite score. The sensitivity and specificity of the K-D test were calculated using a 2-by-2 contingency table (with 95% CIs).
1,32 Test-retest reliability was also estimated utilizing the ICC, with 95% confidence intervals, to examine agreement between first and second baseline test scores and the poststudy scores.
results
Twelve matches were completed over the competition season, giving a match exposure of 88.0 hours. Both linear and rotational accelerations were right skewed and heavily weighted toward low-magnitude impacts for impacts greater than the data acquisition thresholds used. Resultant linear accelerations ranged from 10g to 123g (mean 22g, median 16g, 95th percentile 57g). Resultant rotational accelerations ranged from 89 to 22,928 rad/sec 2 (mean 4041 rad/sec 2 , median 2773 rad/sec 2 , 95th percentile 11,384 rad/ sec 2 ). Overall, 1977 impacts over the data acquisition thresholds were recorded for the match competition season (Table 1). Each player experienced a mean of 116 impacts per player over the duration of the match season and a mean of 13 impacts over the 10g threshold per player per match. Although more impacts were recorded for forwards than for backs (1511 vs 466, p < 0.001) over the duration of the match season, the average resultant linear (23g vs 22g, p = 0.728) and resultant rotational (4534 vs 3889 rad/sec 2 , p = 0.539) accelerations were higher for backs than for forwards.
More impacts were recorded to the side of the head (48% of impacts > 10g) than the front (26%, p < 0.0001), back (25%, p < 0.0001), or top (1%, p < 0.0001) of the head (Table 2 ). The proportion of impacts recorded to the side of the head was greater for forwards than for backs (50% vs 39%, p = 0.0031). The median resultant rotational acceleration recorded for the top of the head was higher than that recorded for the side of the head (6104 rad/sec 2 A total of 10 (0.5%) of the recorded impacts were above the linear tolerance threshold (> 95g), and the median resultant impact for these instances was 105g (IQR 101g-108g) ( Table 3) . Analysis of this subset of 10 impacts above the linear (> 95g) injury tolerance showed that for these impacts, forwards recorded higher median linear accelerations than backs (104g [IQR 101g-106g] vs 103g [IQR 98g-123g], p = 0.564). The majority of linear impacts were under the low injury severity threshold (97% of total impacts, 97% of impacts sustained by forwards, and 97% of impacts sustained by backs). The mean recorded impact duration was longer for backs than for forwards (11.4 vs 7.6 seconds, p < 0.0001) for all impacts under the low linear injury severity threshold (< 66g). The proportion of recorded impacts that were in the moderate severity range for HIT SP values (21-63) was greater for backs than for forwards (22% vs 15%, p = 0.0013). As a result, the median RWE CP value for impacts in the moderate severity range (0.2500-0.7500) was greater for backs than for forwards (0.5142 [IQR 0.4034-0.6823] vs 0.4425 [IQR 0.3390-0.6276], p < 0.0001). Although only 2% of impacts recorded were over the severe impact threshold for HIT SP (> 63), 6% of recorded impacts had an RWE CP value that was over the severe threshold (0.7500).
There were observable learning effects between the first and second K-D tests during the baseline testing (66.8 vs 63.1 seconds, z = 2.97, p = 0.0015) as well as between the baseline and poststudy tests (62.1 vs 51.4 seconds, z = 3.81, p < 0.0001) ( Table 4) . No concussions were observed on the field over the duration of the study. Postmatch K-D testing identified 6 players as having had a delay (worsening) of more than 3 seconds from their baseline K-D score times (median delay 4.9 seconds [IQR 3.6-6.4 seconds] (z = -2.37, p = 0.018) ( Table 5) ; one of these players had 2 delays in postmatch scores. Thus a total of 7 concussions were identified. The K-D test had a sensitivity of 1.00 (95% CI 0.73-1.00) and a specificity of 0.85 (95% CI 0.42-0.97).
Discussion
This study reports, for the first time, the head impact biomechanics experienced during 12 competition matches by a team of junior rugby league players under the age of 11 years. High-magnitude impacts (> 80g) were experienced by this cohort during match participation. This level of severity was similar to that of impacts reported in American high school 4-6 and collegiate 6,9,10 football, but the New Zealand rugby league players were younger, had less body mass, and played at a slower speed than the American players.
11,50 Rugby league players do not wear the same protective equipment as American football players.
It has been reported 18 that worsening of the K-D test is likely to reflect the anatomical aspects captured by the test. Pathways for saccades are widely distributed, involving several areas of the brain and incorporating frontal eye fields, supplementary eye fields, dorsolateral prefrontal cortex, parietal lobes, and deeper structures such as the brainstem, necessitating the involvement of several cortical areas in the production, and regulation, of these rapid eye movements. 18 Saccades can be used to assess cognitive domains such as attention, spatial and temporal orientation, and working memory.
18, 42 These assessments need to be both fast and accurate to effectively acquire image information in real time and are particularly demanding for the brain.
18, 42 Injuries resulting in the disruption of areas involved in saccade production and regulation can result in changes in these cognitive domains.
18
The K-D test enables the analysis of numerous circuits throughout the brain involved in motivation, visuospatial integration, attention, motor planning, and spatial organization. 13 The test requires the utilization of saccades and may also reflect concentration and language function.
Injuries to any of the areas involved in saccade production and regulation may explain the eye movement-and memory-related problems that can occur following a concussive injury.
In line with the previous guidelines for the use of the K-D test, 28 players who had a delay (worsening) in their test performance were not allowed to participate in the rest of the match. Their parents were advised to have their child examined medically for a concussive injury. All identified players with delayed K-D test results underwent assessment by a qualified health care practitioner, were determined to have sustained a concussive injury (Table 5) , and subsequently followed a medically supervised returnto-sport graduated stepwise protocol. 28 Initially none of these players were observed to have any visible signs of concussion while participating in match activities, and the parents watching did not report having any concern for a possible concussive injury. After 3 players showed postmatch delays from baseline test scores, however, and were subsequently identified medically as having a concussive injury, the parents at the matches became more vigilant, and in the cases of Players 5 and 6, the parents asked for the players to be removed from the matches and requested assessment with the K-D test. These 2 players were both assessed as having a concussive injury, with Player 6 having a delay of 23 seconds from his baseline K-D score. Player 1 was removed from any further match or training participation for the remainder of the season after the second concussive injury.
Comparison of impact data from study to study can be difficult due to the different thresholds used to record an impact and the different sporting activities involved. For example, the data acquisition limit used for the recording of impacts to the head in youth American football have varied, with different studies reporting 10g, 11 14.4g, 7,12,49 and 30g. 48 As a result of these differences, interstudy comparisons are limited unless the data are stratified by the different impact thresholds, necessitating multiple complex tables. Although data from these studies were included for comparison with the current study, caution in interpretation is needed, given that we reported the data utilizing a 10g data acquisition threshold.
The number of impacts recorded for different age groups has also varied. Recording of impacts to the head in youth American football players aged 7-8 years showed an average of 44 impacts per match or 5.8 impacts per player per match. 11 In players aged 12-14 years, 12 an average of 112 impacts were recorded per match or 12 impacts per player per match. These studies reported fewer impacts per match and per player per match than we found in our study (median 116 impacts per match or 13 impacts per player per match). Similar to other studies reporting head impact biomechanics, the majority of impact magnitudes recorded in our study (64%) had a linear acceleration of between 10g and 20g. Nevertheless, we did record some impacts (n = 28) over 80g. This magnitude has been described as "high" 36 and it underscores that these young players, despite competing in youth league, can be exposed to impacts over a competition duration that can be considered high magnitude at any level of participation.
The median linear acceleration recorded in our study (16g) was similar to that recorded in a study of 7-and 8-year-old American football players. 50 This result was higher than that recorded for 9-to 12-year-old players (8g) 7 but lower than recorded for 12-to 14-year-old players (22g).
12 Although the players in the current study may have had a lower resultant linear acceleration than American football players of similar ages, this variation may be reflective of how different the games of rugby league and American football are. Young American football players use full protective equipment, including rigid helmets and padding; in contrast, players in a junior rugby league are required to wear a fitted mouth guard and have the option to wear soft padded shoulder pads and head gear, but not all players do wear these optional protective equipment.
When comparing the median and 95th percentile peak resultant rotational accelerations recorded in our study (4041 rad/sec 2 and 11,143 rad/sec 2 , respectively), we found that the values were higher than those recorded for American football players who were 7-8 years old ( ). Again, the differences observed in the peak resultant linear accelerations may be related to differences in the style of match participation in rugby league and American football in aspects such as tackle technique. As there are no other studies reporting on how the tackle techniques seen in rugby league differ from tackles in American football, where play ceases once the ball or the player carrying the ball is grounded, comparisons for this are unable to be undertaken. Further research is warranted to explore the differences in tackle techniques and how they may have an effect on the forces recorded by the head.
There is another possible explanation for the observed differences recorded in the current study. Comparison of children and adults has shown biomechanical differences in relationship to the head and neck. 35 Also, children have less developed neck and shoulder musculature and an increased head-to-body ratio compared with adults. 40, 47 As a result, children may have a higher center of gravity, and greater head momentum, than adults. 47 A possible consequence of these differences in children may be that compared with adults, children are less able to dissipate impact forces that occur from match participation. Consequently, lesser forces may be required to cause similar concussive injuries in smaller brains than larger brains with greater mass.
19,40 Therefore, the signs and symptoms of concussion in children may be the result of greater forces than if an adult presents with similar signs and symptoms of a concussive injury. 35 By incorporating the RWE for linear, rotational, and combined probability, the variability of exposure due to linear and rotational accelerations can be identified.
46
Only Urban et al. 46 have reported RWE in American football at the high school level (player age 14-18 years). They found a median value for rotational accelerations of 22g and a 95th percentile value of 62g. The median rotational acceleration values reported were 1013 rad/sec 2 and a 95th percentile of 2743 rad/sec 2 . The linear accelerations were similar to those found in the current study while the rotational accelerations were lower at the same data acquisition limit. Reviewing the results of the 2 studies by RWE shows that the median value for RWE CP was lower in our study than in theirs (0.194 46 vs 0.001). The differences seen here may be related to the regression coefficients used and the exposure time differences between the different sporting codes. The use of the RWE may be beneficial but may be limited to the same sporting code comparisons. Further research is warranted to identify whether there are differences between sporting codes and if the regression coefficients used are appropriate for nonhelmeted sporting activities.
limitations
In the current study, we have reported the linear and rotational accelerations by the mean, median, and 95th percentile results recorded, and these data were used for comparisons with limited previous studies reporting on American Pop Warner, youth, and high school football. Other studies have used either a median and/or 95th percentile result format or only reported on linear accelerations, which has limited interstudy comparisons. This has resulted in the information provided by these studies being left to stand alone awaiting future studies reporting similar data acquisition limits and formats that enable comparisons.
The players in this study were between 9 and 11 years old, and the impact characteristics may be specific to this age group. The head impact exposure experienced by this cohort of players may differ from that of other junior rugby league players at different age group levels, just as the head impact exposure likely varies by age.
Although the XPatch has undergone some reported validation studies and has been compared with HITS, the results have varied. The accelerometers used in this study have been reported to have a strong correlation for anterior-posterior translation (r 2 = 0.93), 49 a normalized root square error of 18% for PLA, and an overprediction of 15g ± 7g and 2500 ± 1200 rad/sec 2 for PRA. 49 Nevins et al. 38 reported that the XPatch had good estimates of PLA but underestimated PRA by more than 25% and recorded more impacts than were visibly seen. As a result of these different findings, the impact variables reported in this study should be assumed to have some form of error that is dependent on impact conditions, the measurement of interest, and the variability tested.
5, 23 It is unlikely that the XPatch (X2Biosystems) was tested under all of the conditions seen in rugby league matches and how these conditions would correlate with the laboratory conditions remains unknown. There are no consistent reliability studies for the XPatch and the resultant impact variables that are recorded; therefore the results presented in this study should be interpreted with some caution.
Conclusions
A total of 1977 impacts were recorded during the 2014 match competition season through the use of accelerometer-fitted patches worn behind the ear of participants in a single rugby league junior team. The mean linear acceleration was similar to mean linear accelerations reported in studies of American Pop Warner and youth football participants. The mean rotational accelerations were higher than those measured in studies of American Pop Warner, youth, and high school football players. Additional studies should investigate impacts at the senior and professional levels of participation as well as in female players. Standardization of reporting head impact biomechanics is needed in order to facilitate accurate comparisons between studies. 
